(19) 



J 



(12) 



(43) Date of publication: 

28.06.2000 Bulletin 2000/26 

(21) Application number: 99124482.3 

(22) Date of filing: 08.12.1999 



Euro pal sches Patentamt 
European Patent Office 
Office europeen des brevets (11) EP 1 014 033 A2 

EUROPEAN PATENT APPLICATION 

(51) int. CI. 7 : G01B 11/00 



(84) Designated Contracting States: 


(72) inventors: 


AT BE CH CY DE DK ES Fl FRGB GR IE IT LI LU 


• Otani, AWhlto 


MCNLPTSE 


Atsugl-shl, Kanagawa-ken (JP) 


Designated Extension States: 


• Otsubo, Toshinobu 


ALLTLVMKROSl 


Atsugl-shl, Kanagawa-ken (JP) 


(30) Priority: 24.12.1998 JP 36685998 


(74) Representative: 


(71) Applicant: ANRITSU CORPORATION 


Popp, Eugen, Dr. et al 


MEISSNER, BOLTE & PARTNER 


MInato-ku Tokyo (JP) 


Postfach 86 06 24 




81633 MQnchen (DE) 



CM 
< 

CO 
CO 

o 
© 



(54) Delay time measurement apparatus for optical element 



(57) A delay time measurement apparatus for an 
optical element includes a pulse light source (42), wave- 
length setting unit (41), optical power divider (44), opti- 
cal delay unit (48), controller (52), and detector (46, 53). 
The pulse light source (42) can vary the wavelength of 
light to be output, and outputs an optical pulse having a 
predetermined repetition period. The wavelength set- 
ting unit (42) sets the wavelength of light to be output 
from the pulse light source. The optical power divider 
(44) divides the optical pulse output from the pulse light 
source into a first optical pulse and a second optical 
pulse to be input to an optical element as the object to 
be measured. The optical delay unit (48) can vary the 



spatial optical path length along which the first optical 
pulse divided by the optical power divider travels. The 
controller (52) changes the spatial optical path length of 
the optical delay unit. The detector (46, 53) receives a 
measurement optical puise output from the optical ele- 
ment as the object to be measured, and a reference 
optical pulse output from the optical delay unit, and 
detects the delay time of light that has passed through 
the optical element as the object to be measured from a 
change in spatial optical path length required for super- 
posing the measurement and reference optical pulses 
on each other. 
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Description 

[0001 ] The present invention relates to a delay time 
measurement apparatus for an optical element and, 
more particularly, to a delay time measurement appara- 
tus for an optical element, which includes a wavelength 
dispersion measurement apparatus for measuring 
wavelength dispersion that occurs when light passes 
through an object to be measured such as an optical 
fiber or the like, and a polarization dispersion measure* 
ment apparatus for measuring polarization dispersion 
that occurs when light passes through the object to be 
measured. 

[0002] As is well known, the velocity at which an 
optical signal propagates in an optical element, for 
example, an optical fiber, varies depending on the wave- 
length of the optical signal. 

[0003] Hence, the pulse width (time duration) of a 
puise waveform in an optical pulse signal output from a 
light source having a wavelength spread is broadened 
in the optical fiber. 

[0004] Since the propagation frequency band of the 
optical fiber is inversely proportional to the pulse width, 
it finally influences the limitation on the propagation 
velocity of an optical signal. 

[0005] Hence, the measurement of the propagation 
velocity (wavelength dispersion) in the optical fiber in 
units of wavelengths is a very important test item for the 
optical fiber. 

[0006] Especially, since an ultra-fast optical signal 
beyond 100 Gbits/s, which will be used in the next gen- 
eration large-capacity optical network, has a pulse width 
as narrow as several ps (pico seconds), and a large 
wavelength spread, wavelength dispersion of the optical 
fiber considerably influences optical transmission. 
[0007] In a pulse generation technique as well, the 
generation ratio of high-quality pulses, i.e., transform- 
limited optical pulses largely depends on the wave- 
length dispersion of the optical fiber and, hence, wave- 
length dispersion measurement becomes a more 
important item. 

[0008] As the wavelength dispersion measurement 
methods, (a) time-resolved spectrometry, (b) a pulse 
method, (c) an interference method, (d) a difference 
method, (e) a phase difference method, and the like 
have been proposed. 

[0009] Of these methods (a) to (e), the pulse 
method (b) and interference method (c), which are rela- 
tively frequently implemented, will be explained below. 
[0010] The pulse method proposed by Jpn. Pat. 
Appln. KOKAI No. 6-174592 will be explained first using 
FIG. 12. 

[001 1 ] As shown in FIG. 1 2, white pulses which are 
output from a white pulse light source 1 and have a 
broad wavelength range are wavelength-limited to a 
specific wavelength by a tunable optical bandpass filter 
2, and are divided into an input optical pulse 4 and ref- 
erence optical pulse 5 by an optical power divider 3. 



[0012] The input optical pulse 4 enters one end of 
an optical power coupler 7 via a fiber 6 to be measured. 
[0013] On the other hand, the reference optical 
pulse 5 directly enters the other end of the optical power 

s coupler 7. 

[0014] The optical power coupler 7 outputs a com- 
bined optical signal 8 obtained by combining the input 
optical pulse 4 and reference optical puise 5 to a delay 
time detection means 9. 

10 [001 5] The delay time detection means 9 calculates 
a delay time t D of the input optical pulse 4 with respect 
to the reference optical puise 5 on the basis of the com- 
bined optical signal 8. 

[0016] More specifically, since the input optical 
is pulse 4 is delayed when it has passed through the fiber 
6 to be measured, two peaks form in the signal wave- 
form of the combined optical signal 8 upon combining 
the input optical puise 4 and the reference optical pulse 
5 free from any time delay. 
20 [0017] The time difference between these two 
peaks is the delay time t D detected by the delay time 
detection means 9. 

[0018] By changing a wavelength X of the tunable 
optical bandpass filter 2, the delay time detection 
25 means 9 can calculate delay times t D (A.) at individual 
wavelengths X. 

[001 9] The wavelength dependence of these delay 
times t D (A.) defines wavelength dispersion characteris- 
tics. 

30 [0020] The pulse method proposed by Jpn. Pat. 
Appln. KOKAI No. 4-177141 will be explained below 
using FIG. 13. 

[0021] As shown in FIG. 13, optical pulses output 
from an ultra short pulse generation device 11 pass 
as through an optical fiber 1 2 to be measured, and are then 
divided into two optical pulses A and B by an optical 
power divider 13. 

[0022] Only a specific wavelength component of 
one optical pulse A passes through a tunable bandpass 
40 filter 1 4 as a first optical pulse. 

[0023] On the other hand, the other optical pulse B 
passes through a delay line 15 as a second optical 
pulse. 

[0024] These first and second optical pulses are 
45 combined by an optical power coupler 1 6, and the com- 
bined pulse is converted into an electrical signal by a 
photosensor 17. 

[0025] The electrical signal is input to a pulse wave- 
form observation device 18 to measure the relative 
so delay time difference between the first and second opti- 
cal pulses as a function of the wavelength, thus obtain- 
ing the aforementioned wavelength dependence of the 
delay time. 

[0026] A wavelength dispersion measurement 
55 apparatus which uses the interference method (c) and 
is specified by J IS c6827, as shown in FIG. 14, is known 
as an apparatus that implements wavelength dispersion 
measurement with high precision. 
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[0027] As shown in FiG. 1 4, white light which is out- 
put from a white light source 20 and has a broad wave- 
length range is input to a spectroscope 21 having 
predetermined spectrum characteristics to extract the 
component of a specific wavelength Xc* 
[0028] The spectrum characteristics of the spectro- 
scope 21 have a predetermined wavelength spread 
having a center wavelength k Ct as shown in FIG. 15. 
[0029] In the spectrum characteristics of this spec- 
troscope 21 , the width 1/e (e: base of natural logarithm) 
below the peak value is called a half-width. 
[0030] In this case, the half-width is set to fall within 
the range from 2 to 10 nm. 

[0031 ] Light output from the spectroscope 21 is split 
into input light A 1 and reference light B 1 by a beam split- 
ter 22. 

[0032] This input light A-i enters an object 23 to be 
measured such as an optical fiber or the like. 
[0033] The input light A 1 via the object 23 to be 
measured is launched into one end of a optical power 
coupler 26 comprising a half mirror as output light A 2 . 
[0034] On the other hand, the reference light B 1 is 
delayed a predetermined period by an optical path delay 
element 24, and then passes through a variable optical 
delay device 25 comprising a corner cube mirror, which 
is controlled to move in the direction in which light trav- 
els. The light output from the delay device 25 is 
launched into the other end of the optical power coupler 
26 as reference light Bg. 

[0035] The optical power coupler 26 outputs com- 
bined light C obtained by combining the output light A 2 
and reference light B2 to a photosensor 27. 
[0036] Note that a lock-in amplifier 28 is provided to 
amplify with high S/N only a signal output from the pho- 
tosensor 27, which is synchronized with an optical 
chopper incorporated in the spectroscope 21 . 
[0037] In this case, if the output light A2 and refer- 
ence light B2 have an equal optical path length, the light 
intensity of the combined light C, i.e., an interference 
intensity I, increases, and a large signal is output from 
the photosensor 27. 

[0038] Therefore, the delay amount in the variable 
optical delay device 25 is adjusted to maximize the sig- 
nal output from the photosensor 27, i.e., to match the 
optical path lengths of the output light A 2 and reference 
light B2. 

[0039] In this case, the delay amount of the refer- 
ence light B2 from the reference light B 1f i.e., the input 
light A 1 in the optical path delay element 24 and variable 
optical delay device 25 is known. 
[0040] Hence, the delay amount of the reference 
light B t at that time is that of the output light A 2 , and the 
delay time of the object 23 to be measured can be 
measured from this delay amount. 
[0041] FIG. 16 is a graph showing the relationship 
between the interference intensity I between the output 
light A 2 and reference light B 2 , and an optical path differ- 
ence L(« m - L 2 0 between the output light A 2 and 



reference light B^ 

[0042] Note that the optical path L 2 of the reference 
light B 2 is a total of an optical path L 2a of the optical path 
delay element 24 and an optical path of the variable 
5 optical delay device 25. 

[0043] In this manner, the delay time of the object 
23 to be measured can be obtained from the maximum 
optical path difference L of the interference intensity I, 
which is obtained by changing the optical path differ- 
to ence L in turn. 

[0044] FIG. 17 is a graph showing a shift of the 
peak position of the interference intensity I when the 
center wavelength Ac of the reference light B 1 extracted 
by the spectroscope 21 is changed from x 1 to 
15 [0045] A wavelength dispersion value can be 
obtained from a time corresponding to this shift amount 
AL' of the peak position. 

[0046] The aforementioned variable optical delay 
device 25 comprising a corner cube mirror can control 

20 the delay amount on the 1 -nm order (about 0.003 ps in 
time) by an external control signal. 
[0047] Therefore, the wavelength dispersion meas- 
urement apparatus, which uses the interference method 
(c) and is specified by JIS C6827, as shown in FIG. 14, 

25 can measure the delay time with higher precision com- 
pared to the pulse method (b) and, for example, the 
wavelength dispersion of a low-dispersion object to be 
measured such as an optical fiber as short as several 
meters or the like can be measured. 

30 [0048] As another important characteristic of an 
optical communication medium such as an optical fiber 
or the like, polarization dispersion characteristics are 
known. 

[0049] More specifically, in an optical fiber which 

35 has an ideal circular section, an optical pulse signal that 
travels through this optical fiber does not suffer any 
propagation velocity difference independently of its 
direction in the sectional shape. 
[0050] However, if an optical fiber does not have a 

40 circular but an elliptic sectional shape, or if an optical 
fiber is bent and its sectional shape locally has a lower 
profile, a propagation velocity difference is produced 
depending on the directions of polarization. 
[0051 ] Hence, the measurement of the velocity dif- 

45 ferences of an optical signal that travels through the 
optical fiber in the respective directions of polarization, 
i.e., the propagation velocities (polarization dispersions) 
in the optical fiber in units of directions of polarization, is 
also a very important performance test item for the opti- 

50 cal fiber. 

[0052] FiG. 18 is a schematic block diagram show- 
ing the arrangement of a conventional polarization 
measurement apparatus using the interference method. 
[0053] As shown in FiG. 18, a laser beam which is 
55 output from a laser source 29 and has a broad spectrum 
is converted into circularly polarized light by a quarter- 
wave plate 30, and the circularly polarized light is split 
into input light A3 and reference light B3 by a beam split- 
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ter 31. 

{0054] These input light A 3 and reference light B3 
are respectively controlled by polarizers 32a and 32b to 
be linearly polarized light beams, the directions of polar- 
ization of which have a 90° difference therebetween. s 
[0055] The optical path difference between the 
input light A 3 and reference light B 3 is set by a fixed opti- 
cal delay device 33 and variable optical delay device 34. 
[0056] Combined light C 1 of the input tight A 3 and 
reference light B 3 combined by the beam splitter 31 is 10 
input to a half-wave piate 35 so as to maintain orthogo- 
nal the directions of polarization of the input light A3 and 
reference light B 3 which form the combined light C 1 , and 
is then input to an analyzer 37 via an object 36 to be 
measured. 15 
[0057] This analyzer 37 extracts only a specific 
polarization component from the combined light C 1 of 
the input light A3 and reference light 83, and outputs the 
extracted component to a photosensor 38. 
[0058] The object 36 to be measured receives the 20 
combined light C 1 , in which the directions of polarization 
of the input light A 3 and reference light B3 are main- 
tained to be orthogonal. 

[0059] Then, the analyzer 37 extracts the specific 
polarization component including polarization disper- 25 
sions produced in the object 36 to be measured, and the 
extracted component is received by the photosensor 38. 
[0060] At this time, when polarization dispersions 
having different propagation velocities have occurred in 
units of directions of polarization in the object 36 to be 30 
measured, the photosensor 38 measures the interfer- 
ence intensity between the input light A 3 and the refer- 
ence light Bs, which has a direction of polarization 
perpendicular to that of the input light A3, and is delayed 
by the variable optical delay device 34. 35 
[0061] In this case, a piezoelectric element (PZT) 
40 mounted on the variable optical delay device 34 is 
used to help easily find an interference intensity peak by 
continuously slightly vibrating variable optical delay 
device 34. 40 
[0062] Also, a displacement meter 40a is used to 
measure the spatial optical path length of the variable 
optical delay device 34. 

[0063] The output from the photosensor 38 and that 
from the displacement meter 40a are supplied to a con- as 
trailer 39. 

[0064] With this arrangement, since the photosen- 
sor 38 can easily find an interference intensity peak, 
and the displacement meter 40a can measure the opti- 
cal path length with high precision, the controller 39 cal- so 
culates changes in delay amounts in units of directions 
of polarization of the input light A3 via the object 36 to be 
measured using the reference light B3 as a reference 
direction of polarization. 

[0065] Hence, the photosensor 38 measures the ss 
interference intensity between the input light A 3 and the 
reference light B3, which has a direction of polarization 
perpendicular to that of the input light A3, and is delayed 



by the variable optical delay device 34. 
[0066] However, even the aforementioned meas- 
urement methods have the following problems to be 
solved. 

[0067] The wavelength dispersion measurement 
method shown in FIG. 13 is not influenced by a change 
in optical path difference of the optical fiber to be meas- 
ured due to external factors such as changes in temper- 
ature, and the like, since a single optical pulse that has 
passed through the optical fiber 12 to be measured is 
divided into two pulses, and the delay times for the com- 
ponents of the respective wavelengths are measured 
using one of the two divided pulses as reference light on 
the time axis. 

[0068] However, since the tunable bandpass filter 
1 4 extracts a specific wavelength from the output light of 
the ultra-short pulse light source 1 1 , the pulse width 
(time duration) of the optical pulse that has passed 
through the tunable bandpass filter 14 inevitably broad- 
ens with the existing technique due to limitations on the 
frequency band. 

[0069] For this reason, in the wavelength dispersion 
measurement method shown in FIG. 13, it is difficult to 
identify the pulse peak position, and many measure- 
ment errors may be contained. 
[0070] For example, if the pass wavelength width is 
0.1 nm, the pulse width (time duration) of the extracted 
optical pulse is assumed to be not less than at least 20 
ps (pico seconds). 

[0071] Also, the wavelength dispersion measure- 
ment method shown in FIG. 13 uses the pulse wave- 
form observation device 18 which comprises, e.g., an 
electric sampling oscilloscope, as a means for measur- 
ing the delay time difference. 
[0072] Therefore, the wavelength dispersion meas- 
urement method shown in FIG. 13 is effective for meas- 
uring the dispersion of a long optical fiber (several km or 
more), but is not suitable for measuring low dispersion 
of an optical fiber as short as about 20 m, which are the 
typical unit length of an optical fiber (EDF: Erbium 
Doped Fiber) used in an EDFA (Erbium Doped Fiber 
amplifier). 

[0073] On the other hand, the wavelength disper- 
sion measurement method shown in FIG. 12 can imple- 
ment measurements with higher precision than that 
shown in FIG. 13, by combining the white pulse light 
source 1 which outputs a short pulse light group over a 
continuous, broad wavelength range so as to measure 
the wavelength dispersion with high precision, and the 
delay time difference measurement means 9 which 
comprises, e.g., a streak camera or the like. 
[0074] Since the spectrum width of the white pulse 
light source 1 is as broad as 200 nm, a tunable band- 
pass filter 2 having a bandwidth of around 1 nm can be 
inserted, and optical pulses having a pulse width (time 
duration) of several ps can be sufficiently obtained, thus 
easily identifying the peak position. 
[0075] However, in the wavelength dispersion 
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measurement method shown in FIG. 12, when a streak 
camera is used as the delay time difference detection 
means 9, the precision in the time domain is 0.3 ps or 
higher, which is insufficient to measure the wavelength 
dispersion of a low-dispersion object to be measured 
such as a short optical fiber or the like. 
[0076] In the wavelength dispersion measurement 
apparatus using the interference method shown in FIG. 
14, since the white light source 20 used as a light 
source emits continuous light, the strongest interfer- 
ence intensity I is obtained at a position where the differ- 
ence between the delay amount of the output light A 2 
produced in the object 23 to be measured, and the sum 
delay amount of the reference light by the optical 
delay element 24 and variable optical delay device 25 is 
"0", i.e., the optical path difference L= |L 1 - L 2 | there- 
between becomes "0". 

[0077] As described above, since the variable opti- 
cal delay device 25 comprising a corner cube mirror can 
control the delay amount on the 1 -fim order, but its delay 
amount variable range is limited due to dimensional lim- 
itations, not so large a delay amount can be set. 
[0078] Note that the optical delay element 24 may 
set a fixed delay amount, and this fixed delay amount 
may be added to the delay amount of the variable opti- 
cal delay device 25 as a bias delay amount. 
[0079] However, an optical fiber or the like must be 
used to set a large delay amount by the optical delay 
element 24, and it is very difficult for the element 24 to 
set a large delay amount with high precision like the var- 
iable optical delay device 25. 
[0080] For this reason, since the measurement 
range is limited within the absolute delay amount given 
by the optical delay element 24 and variable optical 
delay device 25, the measurable length range of the 
object 23 to be measured is around several meters in 
case of, e.g., an optical fiber, as described in J IS c6827. 
[0081] Hence, the conventional wavelength disper- 
sion measurement apparatus using the interference 
method can measure the wavelength dispersion with 
higher precision than those using other methods, but 
since the absolute delay amount in the object to be 
measured poses a problem, it is impossible to measure 
the wavelength dispersion of an optical fiber having a 
length of 20 m, 50 m, or the like with high precision. 
[0082] The same applies to the polarization disper- 
sion measurement apparatus using the pulse method 
and that using the interference method shown in FIG. 
18. 

[0083] Note that the wavelength and dispersion 
measurement apparatuses are used to measure and 
evaluate the delay time of an optical element such as an 
optical fiber or the like as the object to be measured. 
Hence, the development of a delay time measurement 
apparatus for an optical element, including a wave- 
length dispersion measurement apparatus which can 
measure the wavelength dispersion of even a long 
object to be measured with high precision without being 



influenced by the absolute delay amount produced by 
the physical length of an optical element such as an 
optical fiber or the like as the object to be measured, 
and can measure wavelength dispersion with high pre- 

5 cision over a broad length range from several meters to 
several ten meters, and a polarization dispersion meas- 
urement apparatus which can measure the polarization 
dispersion of a low-dispersion object to be measured 
with high precision using the same method as that of the 

w wavelength dispersion measurement apparatus, has 
been strongly demanded. 

[0084] The present invention has been made in 
consideration of the aforementioned situation, and has 
as its object to provide a delay time measurement appa- 

is ratus for an optical element, including a wavelength dis- 
persion measurement apparatus which can measure 
the wavelength dispersion of even a long object to be 
measured with high precision using pulse light as input 
light to be input to the object to be measured and refer- 

20 ence light in place of continuous light without being 
influenced by the absolute delay amount produced by 
the physical length of an optical element such as an 
optical fiber or the like as the object to be measured, 
and can measure wavelength dispersion with high pre- 

25 cision over a broad length range from several meters to 
several ten meters, and a polarization dispersion meas- 
urement apparatus which can measure the polarization 
dispersion of a low-dispersion object to be measured 
with high precision using the same method as that of the 

so wavelength dispersion measurement apparatus. 

[0085] In order to achieve the above object, accord- 
ing to one aspect of the present invention, there is pro- 
vided a delay time measurement apparatus for an 
optical element, comprising: 

35 

a pulse light source which can vary a wavelength of 
light to be output, and outputs an optical pulse hav- 
ing a predetermined repetition period; 
wavelength setting means for setting a wavelength 

40 of light to be output from the pulse light source; 

an optical power divider for dividing the optical 
pulse output from the pulse light source into a first 
optical pulse and a second optical pulse to be input 
to an optical element as an object to be measured; 

45 optical delay means capable of changing a spatial 
optical path length along which the first optical 
pulse divided by the optical power divider travels; 
control means for changing the spatial optical path 
length of the optical delay means; and 

so detection means for receiving a measurement opti- 
cal pulse output from the optical element as the 
object to be measured, and a reference optical 
pulse output from the optical delay means, and 
detecting a delay time of light that has passed 

55 through the optical element as the object to be 
measured from a change in spatial optical path 
length required for superposing the measurement 
and reference optical pulses on each other. 
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[0086] This summary of the invention does not nec- 
essarily describe all necessary features so that the 
invention may also be a subcombination of these 
described features. 

[0087] The invention can be more fully understood 
from the following detailed description when taken in 
conjunction with the accompanying drawings, in which: 

FIG. 1 is a schematic block diagram showing the 
arrangement of a wavelength dispersion measure- 
ment apparatus which is applied as the first embod- 
iment of a delay time measurement apparatus for 
an optical element according to the present inven- 
tion; 

FIG. 2 is a block diagram showing the detailed 
structure of a sampling unit in the wavelength dis- 
persion measurement apparatus shown in FIG. 1 ; 
FIGS. 3A to 3F are charts for explaining the princi- 
ple of optical signal waveform measurement using 
SHG light; 

FIG. 4 is a perspective view for explaining the opti- 
cal characteristics of a type 2 nonlinear optical 
material; 

FIGS. 5A to 5H are timing charts showing the rela- 
tionship between output and reference optical 
pulses in the wavelength dispersion measurement 
apparatus shown in FIG. 1 ; 
FIG. 6 is a block diagram showing the detailed 
structure of a sampling unit in a wavelength disper- 
sion measurement apparatus which is applied as 
the second embodiment of a delay time measure- 
ment apparatus for an optical element according to 
the present invention; 

FIG. 7 is a block diagram showing the detailed 
structure of a sampling unit in a wavelength disper- 
sion measurement apparatus which is applied as 
the third embodiment of a delay time measurement 
apparatus for an optical element according to the 
present invention; 

FIG. 8 is a block diagram showing the detailed 
structure of a sampling unit in a wavelength disper- 
sion measurement apparatus which is applied as 
the fourth embodiment of a delay time measure- 
ment apparatus for an optical element according to 
the present invention; 

FIGS. 9A to 9E are timing charts showing the oper- 
ation of the wavelength dispersion measurement 
apparatus applied as the fourth embodiment; 
FIG. 10 is a block diagram showing the detailed 
structure of a sampling unit in a wavelength disper- 
sion measurement apparatus which is applied as 
the fifth embodiment of a delay time measurement 
apparatus for an optical element according to the 
present invention; 

FIG. 1 1 is a schematic block diagram shewing the 
arrangement of a polarization dispersion measure- 
ment apparatus which is applied as the sixth 
embodiment of a delay time measurement appara- 
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tus for an optical element according to the present 

invention; 

FIG. 12 is a schematic block diagram showing the 
arrangement of a conventional wavelength disper- 
5 sion measurement apparatus using a pulse 
method; 

FIG. 13 is a schematic block diagram showing the 
arrangement of a conventional wavelength disper- 
sion measurement apparatus using a pulse 
10 method; 

FIG. 14 is a schematic block diagram showing the 
arrangement of a conventional wavelength disper- 
sion measurement apparatus using an interference 
method; 

75 FIG. 1 5 is a graph showing the spectrum character- 
istics of a spectroscope built in the conventional 
apparatus shown in FIG. 14; 
FIG. 16 is a graph showing the relationship 
between the optical path difference and interfer- 

20 ence intensity in the conventional apparatus shown 
in FIG. 14; 

FIG. 1 7 is a graph showing a change in interference 
characteristics upon changing the wavelength in 
the conventional apparatus shown in FIG. 14; and 
25 FIG. 18 is a schematic block diagram showing the 
arrangement of a conventional polarization disper- 
sion measurement apparatus using an interference 
method. 

30 [0088] Reference will now be made in detail to the 
presently preferred embodiments of the invention as 
illustrated in the accompanying drawings, in which like 
reference numerals designate like or corresponding 
parts. 

35 [0089] An outline of wavelength and polarization 
dispersion measurement apparatuses applied as a 
delay time measurement apparatus for an optical ele- 
ment according to the present invention will be 
explained below. 

40 [0090] To solve the conventional problems, a first 
wavelength dispersion measurement apparatus which 
is applied as a delay time measurement apparatus for 
an optical element according to the present invention, 
comprises a pulse light source for outputting an optical 

45 pulse which has a predetermined repetition period, and 
the wavelength of which is variable, an optical power 
divider for dividing the optical pulse output from the 
pulse light source into a reference optical pulse, and an 
input optical pulse to be input to an object to be meas- 

so ured, spatial optical delay means for changing a relative 
delay amount of the reference optical pulse with respect 
to the input optical pulse, sampling means for receiving 
an output optical pulse that has passed through the 
object to be measured, and the reference optical pulse 

55 which has been delayed by the optical delay means, 
and obtaining an autocorrelation intensity signal propor- 
tional to the light intensity of the output optical pulse at 
a given position every time the optical delay means 
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changes the relative delay amount of the reference opti- 
cal pulse, and signal processing means for obtaining an 
autocorrelation waveform of the output optical pulse 
from the autocorrelation intensity signals obtained in 
turn from the sampling means, whereby the wavelength 
dispersion of the object to be measured is obtained on 
the basis of the relative delay amount of the reference 
optical pulse delayed by the optical delay means, which 
is required for obtaining a peak of the obtained autocor- 
relation waveform of the output optical pulse. 
[0091] in the wavelength dispersion measurement 
apparatus with the above arrangement, the optical 
pulse output from the pulse light source is divided into 
the input and reference optical pulses. 
[0092] The input optical pulse passes through the 
object to be measured such as an optical fiber or the like 
to obtain an output optical pulse. 
[0093] On the other hand, the reference optical 
pulse is delayed by the optical delay means in an 
amount which changes in turn. 
[0094] The sampling means obtains autocorrelation 
intensity signals of the output optical pulse in turn by 
calculating correlation between the output optical pulse 
and the respective reference optical pulses, i.e., auto- 
correlation since the output optical pulse and the 
respective reference optical pulses are originally an 
identical optical pulse and have a relationship of the self 
and the other self. 

[0095] The autocorrelation waveform of the output 
optical pulse is obtained from the autocorrelation inten- 
sity signals which are obtained in turn. 
[0096] That is, the waveform of the output optical 
pulse is obtained, and a peak value of the output optical 
pulse waveform (a maximum position of the autocorre- 
lation intensity signals) is obtained. 
[0097] The detection precision of the peak value of 
the output optical pulse waveform is determined by the 
setting precision of the spatial optical delay means, 
which precision is as high as around 0.003 ps in time. 
[0098] Then, the delay time of the output optical 
pulse that has passed through the object to be meas- 
ured is calculated on the basis of the amount the refer- 
ence optical pulse is delayed to obtain a peak (peak 
position) of the autocorrelation waveform obtained after 
the wavelength X has been changed from the peak posi- 
tion obtained before the wavelength X is changed upon 
changing the wavelength X of the optical pulse output 
from the pulse light source, thus obtaining the wave- 
length dispersion of the object to be measured. 
[0099] More specifically, the group delay of the out- 
put optical pulse upon changing the wavelength X can 
be measured with a precision of 0.003 ps. 
[0100] The pulse light source used in the present 
invention outputs an optical pulse having a predeter- 
mined repetition period T in place of continuous light. 
[0101] As described above, since the conventional 
interference method uses a white light source, a maxi- 
mum interference intensity is obtained at a position 



where the difference between the delay amount pro- 
duced in the object to be measured and that produced 
by the optical delay means becomes M G M , i.e., the optical 
path difference therebetween becomes H 0". 

5 [01 02] In other words, the conventional interference 
method has one and only interference position. 
[0103] By contrast, when an optical pulse having 
the repetition period T is used, since the optical pulse is 
present at the predetermined period T, the autocorrela- 

10 tion waveform can be obtained every predetermined 
period T 

[0104] Hence, the autocorrelation waveform of the 
output optical pulse can be obtained independently of 
the absolute amount the output optical pulse is delayed 

15 upon traversing the object to be measured such as an 
optical fiber or the like, and relative delay time differ- 
ences from the reference optical pulses at the respec- 
tive wavelengths are obtained, thus allowing to measure 
the wavelength dispersion of the object to be measured. 

20 [0105] Therefore, the wavelength dispersion of a 
long optical fiber having a length of 20 m or 50 m, which 
cannot be measured with high precision by the conven- 
tional interference method, can be measured with preci- 
sion as high as that in the interference method. 

25 [01 06] In a second wavelength dispersion measure- 
ment apparatus which is applied as a delay time meas- 
urement apparatus for an optical element according to 
the present invention, the sampling means in the first 
wavelength dispersion measurement apparatus men- 

30 tioned above is constructed by a polarization splitter for 
splitting each of the output and reference optical pulses 
into two light components having 90° different planes of 
polarization, combining two pairs of output and refer- 
ence optical pulses which have been split and have 90° 

35 different planes of polarization, and outputting the com- 
bined pulses onto different optical paths, a pair of non- 
linear optical materials which generate autocorrelation 
signals of the output and reference optical pulses which 
have 90° different planes of polarization as SHG (Sec- 

40 ond Harmonic Generator) light components, and can 
attain type 2 phase matching, a pair of photosensors for 
converting the SHG light components output from the 
nonlinear optical materials into electrical signals, and an 
adder circuit for adding the electrical signals output from 

45 the photosensors, and outputting the sum electrical sig- 
nal as an autocorrelation intensity signal. 
[0107] In the sampling means with the above 
arrangement, the polarization splitter splits each of the 
output and reference optical pulses into two light corn- 
so ponents having 90° different planes of polarization, thus 
generating a total of four light components. 
[0108] Furthermore, two pairs of light components 
obtained by combining the output and reference optical 
pulses to have orthogonal planes of polarization from 

55 these four light components are output onto different 
optical paths. 

[0109] Then, the two pairs of combined output and 
reference optical pulses having 90° different planes of 
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polarization are launched into corresponding nonlinear 
optical materials and are output as different SHG light 
components. 

[01 1 0] These SHG light components are converted 
into electrical signals by the corresponding photosen- 
sors, and the electrical signals are added. The sum 
electrical signal is output as an autocorrelation intensity 
signal of the output optical pulse. 
[0111] For this reason, in this arrangement, even 
when the polarization state of the output optical puise 
has changed, since the complementary operation is 
made, i.e., since the light intensity of combined light out- 
put from one optical path of the polarization splitter 
decreases, but the light intensity of the output optical 
pulse output from the other optical path increases, an 
increase/decrease in SHG light component resulting 
from variations of the polarization state of the output 
optical puise can be consequently canceled, and nearly 
no variation components are contained in the sum elec- 
trical signal. Hence, the signal processing means can 
precisely measure the autocorrelation waveform of the 
obtained output optica! pulse. 
[0112] In a third wavelength dispersion measure- 
ment apparatus which is applied as a delay time meas- 
urement apparatus for an optical element according to 
the present invention, the sampling means in the first 
wavelength dispersion measurement apparatus men- 
tioned above is constructed by a optical power coupler 
for combining the output and reference optical pulses to 
have 90° different planes of polarization, a nonlinear 
optical material which generates a correlation signal 
between the output and reference optical pulses, which 
are output from the optical power coupler and have 90° 
different planes of polarization, as SHG light, and can 
attain type 2 phase matching, and a photosensor for 
converting the SHG light into an electrical signal, and 
outputting the electrical signal as an autocorrelation 
intensity signal. 

[0113] The sampling means with this arrangement 
uses one nonlinear optical element. 
[0114] However, in this case as well, when the 
planes of polarization of the output and reference opti- 
cal pulses accurately have a 90° difference, sufficiently 
high measurement precision can be obtained. 
[0115] In a fourth wavelength dispersion measure- 
ment apparatus which is applied as a delay time meas- 
urement apparatus for an optical element according to 
the present invention, the sampling means in the first 
wavelength dispersion measurement apparatus men- 
tioned above is constructed by a pair of polarization 
controllers which are inserted in the optical axes of the 
output and reference optical pulses, and make the 
planes of polarization of the output and reference opti- 
cal pulses parallel to each other, a lens which is inserted 
in the optical axes of the output and reference optical 
pulses that have passed through the pair of polarization 
controllers, and focuses the output and reference opti- 
cal pulses to an identical point, a nonlinear optical mate- 



rial which is located on the focal point of the lens, 
generates an autocorrelation signal of the output and 
reference optical pulses as SHG light, and can attain 
type 1 phase matching, a slit for separating the SHG 

s light generated by the nonlinear optical element from 
the output and reference optical pulses, and a photo- 
sensor for converting the SHG light separated by the slit 
into an electrical signal, and outputting the electrical sig- 
nal as an autocorrelation intensity signal. 

10 [01 1 6] The second and third wavelength dispersion 
measurement apparatuses use the nonlinear optical 
materials of type 2 phase matching with a high S/N ratio 
as those for generating SHG light. 
[01 1 7] However, in the fourth wavelength dispersion 

15 measurement apparatus, since light components other 
than the SHG light are removed using the lens and slit, 
the SHG light can be extracted with sufficiently high pre- 
cision even by using a nonlinear optical material of type 
1 phase matching. 

20 [0118] A fifth wavelength dispersion measurement 
apparatus which is applied as a delay time measure- 
ment apparatus for an optical element according to the 
present invention, comprises a pulse light source for 
outputting an optica! pulse which has a predetermined 

25 repetition period, and the wavelength of which is varia- 
ble, optica! power divider means for dividing the optical 
pulse output from the pulse light source into a reference 
optical pulse, bypass reference optical pulse, and an 
input optical pulse to be input to an object to be meas- 

30 ured, an optical power coupler for combining the output 
optical pulse that has passed through the object to be 
measured, and the bypass reference optical pulse, and 
outputting combined light, spatial optica! delay means 
for changing a relative delay amount of the reference 

35 optica! puise with respect to the input optical pulse, 
sampling means for receiving the combined light output 
from the optical power coupler, and the reference optical 
pulse delayed by the optical delay means, and obtaining 
an autocorrelation intensity signal proportional to the 

40 light intensity of the combined light at a given position 
every time the optical delay means changes the relative 
delay amount of the reference optical pulse, and signal 
processing means for obtaining an autocorrelation 
waveform of the combined light from the autocorrelation 

45 intensity signals obtained in turn from the sampling 
means, whereby the wavelength dispersion of the 
object to be measured is obtained on the basis of the 
spacing between the peaks of the bypass reference 
optical pulse and output optical pulse contained in the 

so obtained autocorrelation waveform of the combined 
light 

[0119] In the wavelength dispersion measurement 
apparatus with this arrangement, the optical puise out- 
put from the pulse light source is divided into a refer- 
55 ence optica! pulse, bypass reference optical pulse, and 
input optica! pulse. 

[0120] The bypass reference pulse directly 
bypasses the object to be measured. 
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[0121] The output pulse that has passed through 
the object to be measured, and the bypass reference 
optical pulse that bypasses it are combined to obtain 
combined light. 

[01 22] The sampling means sequentially calculates 
autocorrelation intensity signals between the combined 
light and the reference optical pulse whose relative 
delay amount changes sequentially, thus obtaining the 
autocorrelation waveform of the combined light. 
[0123] As in the first wavelength dispersion meas- 
urement apparatus, the delay amount is obtained from 
the reference time position of the output pulse. 
[01 24] When the wavelength of an optical pulse out- 
put from the pulse light source has changed, if the out- 
put phase of the optical pulse after the wavelength has 
changed shifts from the phase of the optical pulse 
before the wavelength is changed due to some reason, 
the measurement result changes as if apparently the 
delay amount had changed. 

[0125] That is, when the wavelength is changed to 
measure the wavelength dispersion, the measurement 
result changes as if the delay amount had changed due 
to the wavelength dispersion, although the delay 
amount had not actually changed due to actual disper- 
sion, thus posing a problem in measurement. 
[0126] in such case, the delay amount can be cal- 
culated from the reference time position of the bypass 
reference optical pulse contained in the combined light, 
and the difference between that delay amount and the 
previously obtained delay amount of the output optical 
pulse. More specifically, the delay amount of the output 
pulse in the combined light from the bypass reference 
optical pulse is calculated. 

[0127] In a sixth wavelength dispersion measure- 
ment apparatus which is applied as a delay time meas- 
urement apparatus for an optical element according to 
the present invention, the pulse light source in the first 
or fifth wavelength dispersion measurement apparatus 
is constructed by a white pulse light source for output- 
ting a white optical pulse which has a predetermined 
repetition period and a broad wavelength range, and a 
spectroscope for extracting and outputting an optical 
pulse having a designated single wavelength from the 
white optical pulse output from the white pulse light 
source. 

[01 28] In this manner, when the pulse light source is 
constructed by a white pulse light source and spectro- 
scope, an optical pulse which has a predetermined rep- 
etition period and the wavelength of which is variable 
can be obtained. 

[0129] A first polarization dispersion measurement 
apparatus which is applied as a delay time measure- 
ment apparatus for an optical element according to the 
present invention comprises a pulse light source for out- 
putting an optical pulse which has a predetermined rep- 
etition period and a single wavelength, an optical power 
divider for dividing the optical pulse output from the 
pulse light source into a reference optical pulse and an 



input optical pulse to be input to an object to be meas- 
ured, an analyzer for passing a component in a specific 
direction of polarization in an output optical pulse that 
has passed through the object to be measured, spatial 

5 optical delay means for changing a relative delay 
amount of the reference optical pulse with respect to the 
input optical pulse, sampling means for receiving the 
output optical pulse that has passed through the ana- 
lyzer, and the reference optical pulse that has been 

w delayed by the optical delay means, and obtaining an 
autocorrelation intensity signal proportional to the light 
intensity of the output optical pulse at a given position 
every time the optical delay means changes the relative 
delay amount of the reference optical pulse, and signal 

15 processing means for obtaining an autocorrelation 
waveform of the output optical pulse from the autocorre- 
lation intensity signals obtained in turn from the sam- 
pling means, whereby the polarization dispersion of the 
object to be measured is obtained on the basis of the 

20 relative delay amount of the reference optical pulse 
delayed by the optical delay means, which is required 
for obtaining a peak of the obtained autocorrelation 
waveform of the output optical pulse. 
[0130] In the polarization dispersion measurement 

25 apparatus with this arrangement, the analyzer for pass- 
ing a component in the specific direction of polarization 
in the output optical pulse is inserted in the optical path 
of the output optical pulse that has passed through the 
object to be measured. 

30 [0131] The output optical pulse having a compo- 
nent in the specific direction of polarization, and the ref- 
erence optical pulse whose relative phase is changed 
sequentially by the optical delay means are input to the 
sampling means. 

35 [0132] The sampling means outputs an autocorre- 
lation intensity signal of the output optical pulse having 
a component in the specific direction of polarization. 
[01 33] The signal processing means calculates the 
autocorrelation waveform of the output optical pulse 

40 having a component in the specific direction of polariza- 
tion. 

[0134] Hence, by measuring the delay time of a 
peak indicated by the component in the specific direc- 
tion of polarization in the output optical pulse from a 

45 peak of the reference optical pulse on the basis of the 
waveform of the combined light by the same method as 
that in the aforementioned wavelength dispersion 
measurement apparatus, the delay time in that direction 
of polarization is obtained. 

so [0135] By sequentially changing the direction of 
polarization of the analyzer, the polarization dispersions 
of the object to be measured can be obtained. 
[0136] The embodiments of the present invention 
based on the aforementioned outline will be explained 

55 below with reference to the accompanying drawings. 
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(First Embodiment) 

[01 37] FIG. 1 is a schematic block diagram showing 
a wavelength dispersion measurement apparatus which 
is applied as the first embodiment of a delay time detec- 
tion apparatus for an optical element according to the 
present invention. 

[0138] As shown in FIG. 1 , a reference signal gen- 
erator 41 outputs a reference signal having a frequency 
f 0 (= 9.95328 GHz) to a pulse light source 42. 
[0139] The pulse light source 42 is a tunable light 
source, and comprises a mode-locked ring EDF laser 
that outputs a transform-limited optical pulse. The pulse 
light source 42 outputs an optical pulse a having a rep- 
etition frequency (repetition period T) which is equal to 
the reference frequency fy. 

[0140] Note that the measurement precision can be 
further improved if a TL pulse (transform-limited pulse) 
is used as the optical pulse. The wavelength X of optical 
pulse a is controlled to vary in accordance with a wave- 
length control signal output from a controller 43 that 
monitors and controls the overall measurement proc- 
ess. 

[0141] The optical pulse a output from the pulse 
light source 42 is divided by an optical power divider 44 
into an input optical pulse b to be input to an object 45 
to be measured, which comprises, e.g., an optical ele- 
ment such as an optical fiber or the like, and a reference 
optical pulse c. 

[0142] The input optical pulse b that has passed 
through the object 45 to be measured is launched into 
one input terminal of a polarization splitter 47 in a sam- 
pling unit 46 as an output optical pulse d. 
[0143] The other reference optical pulse c divided 
by the optical power divider 44 is delayed by an optica) 
delay device 48 and is launched into the other input ter- 
minal of the polarization splitter 47 in the sampling unit 
46 as a new reference optical pulse e. 
[0144] The detailed arrangement and operation of 
the optical delay device 48 will be explained below. 
[0145] The reference optica) pulse c output from the 
optical power divider 44 enters a corner cube mirror 51 , 
which is movaWy provided on an optical stage 50, via a 
collimator 49a in the optical delay device 48. 
[0146] The corner cube mirror 51 reverses the opti- 
cal path of the incoming reference optical pulse c 
through 180°, and outputs that pulse to the other termi- 
nal of the polarization splitter 47 in the sampling unit 46 
via a collimator 49b as a new reference optical pulse e. 
[0147] The position of the corner cube mirror 51 on 
the optical stage 50 is controlled by a spatial optical 
delay element controller 52 comprising a stepping 
motor with a rotary encoder, which can be controlled by 
an optical delay element drive signal input from a signal 
processor 53. 

[0148] When the position of the corner cube mirror 
51 on the optical stage 50 has changed, the optica! path 
length of the reference optical pulse c changes. 



[0149] Hence, by changing the optical path length 
by the spatial optical delay element controller 52, the 
relative phase (relative delay amount) of the reference 
optical pulse e to be input from the optical delay device 
5 48 to the other terminal of the polarization splitter 47 
with respect to the input optical pulse b can be arbitrarily 
set. 

[0150] More specifically, the signal processor 53 
outputs an optical delay element drive signal to the spa- 
re tial optical delay element controller 52 to move the opti- 
cal stage 50 a predetermined small distance ATL (« AT 
in time) every predetermined period Ta. 
[0151] The sampling unit 46 will be described in 
detail below using FIG. 2. 
is [01 52] The polarization splitter 47, a nonlinear opti- 
cal material 54a, and a photosensor 55a are provided 
on the optical axis of the output optical pulse d output 
from the object 45 to be measured. 
[0153] On the other hand, the polarization splitter 
so 47, a nonlinear optical material 54b, and a photosensor 
55b are provided on the optical axis of the reference 
optical pulse e output from the optical delay device 48. 
[0154] Furthermore, an adder circuit 56 for adding 
electrical signals ^ and k 2 output from the photosen- 
25 sors 55a and 55b is assembled. 

[0155] The operation principle which allows meas- 
urement of delay amounts in units of wavelengths using 
the sampling unit 46 with the above arrangement will be 
explained below with reference to FIGS. 3A to 3F and 
so FIG. 4. 

[01 56] For example, the period of the output optical 
pulse d which is obtained by dividing the optical pulse a 
having the repetition frequency f 0 (period T) and has 
passed through the object 45 to be measured, and that 

35 of the reference optical pulse c before it passes through 
the optical delay device 48 are T, i.e., are equal to each 
other, since these pulses are originally an optical pulse 
output from a single light source. 
[0157] However, the phase of the output optical 

40 pulse d that has passed through the object 45 to be 
measured does not match that of the reference optical 
pulse c before it passes through the optica) delay device 
48. 

[0158] Assume that the phase shift at that time is 

45 Jfy 

[0159] When the delay amount of the reference 
optical pulse e in the optical delay device 48 is changed 
by a spatial distance corresponding to AT, the reference 
optical pulse e input to the sampling unit 46 can give an 

so arbitrary delay amount to the reference optical pulse c. 
[01 60] At this time, the maximum value of the delay 
amount given by the optical delay device 48 suffices to 
be equal to the period T of the optical pulse. 
[0161] In this manner, when the delay time of the 

as reference pulse e is changed in increments of AT, the 
phases of the reference optical pulse e and the output 
optical pulse d eventually match, as shown in FIGS. 3A 
to3C. 
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[0162] If g represents an autocorrelation intensity 
signal between the reference optical pulse e and output 
optical pulse d, when the phases of the reference opti- 
cal pulse e and output optical pulse d perfectly match, 
the autocorrelation intensity signal g assumes a maxi- 
mum value. 

[01 63] Hence, when the delay time of the reference 
optical pulse e with respect to the output optical pulse d 
is gradually changed, the value of the autocorrelation 
intensity signal g increases and then decreases in 
accordance with the waveform of the output optical 
pulse d, as shown in FIGS. 3D to 3R 
[0164] That is, paying attention to the envelope 
waveform of the autocorrelation intensity signal g 
obtained from the output optical pulse d and reference 
optical pulse e, an autocorrelation waveform g t of the 
optical pulse is obtained. 

[0165] Thus, by measuring variable delay amounts 
in the optical delay device 48, which are required for 
obtaining a peak of the autocorrelation waveform g 1 
shown in FIG. 3F while the wavelength X of the optical 
pulse a output from the pulse light source 42 has 
changed, the wavelength dispersion can be obtained. 
[01 66] The reason why the autocorrelation intensity 
signal g is output when the timings of the reference opti- 
cal pulse e and output optical pulse d match will be 
explained below using FIG. 4. 
[0167] As is generally known, when the output opti- 
cal pulse d and reference optical pulse e as a pair of 
light components which have slightly different frequen- 
cies g>s and cod are simultaneously launched into one 
surface of the nonlinear optical materia) 54a (54b) of 
type 2 phase matching while their planes of polarization 
are maintained perpendicular to each other, as shown 
in FIG. 4, sum frequency light h which is proportional to 
the product of the intensities of two light components d 
and e and has their sum frequency is output from the 
other surface only when the two light components d and 
e are simultaneously superposed on each other. 
[0168] Note that the frequencies ©s and ©d are 
equal to each other in this method since the aforemen- 
tioned pulses are derived from an optical pulse output 
from a single light source. 

[01 69] Hence, in the description so far, the two light 
components that are launched into the nonlinear optical 
material have slightly different frequencies, but the actu- 
ally obtained sum frequency light h is output as second 
harmonic generator light (SHG light) of the optical fre- 
quency of the optica) pulse a. 
[01 70] That is, the second harmonic generator light 
(SHG light) is output as the aforementioned autocorre- 
lation intensity signal g. 

[0171] Also, in this method, since the wavelength 
dispersion is obtained from the wavelength dependence 
of the peak position of the autocorrelation waveform g 1v 
the repetition frequency of the optical pulse a defines a 
maximum measurable delay amount, while the moving 
resolution of the optical delay device 48 determines the 



measurement resolution of the delay amount. 

[0172] The sampling unit 46 in FIG. 1 will be 

described below using FIG. 2. 

[0173] Note that the nonlinear optical material of 
s type 2 phase matching used in the apparatus of this 

embodiment is normally used to obtain sum frequency 

light, and the second harmonic generator light (SHG 

light) is a specific case of the sum frequency signal. 

[0174] Hence, the following explanation will be 
10 given using sum frequency light when frequencies f of 

two light components are slightly different from each 

other. 

[01 75] Referring to FIG. 2, the output optical pulse d 
input to the sampling unit 46 enters the polarization 

15 splitter 47. 

[0176] On the other hand, the reference optical 
pulse e indicated by the broken line has a single plane 
of polarization in a 45° direction with respect to a refer- 
ence direction (0° direction), as shown in FIG. 2. 

20 [01 77] This reference optical pulse e also enters the 
polarization splitter 47. 

[0178] For example, a half mirror 47a whose sur- 
face has a polarization coat is assembled in the polari- 
zation splitter 47 comprising, e.g., a polarization beam 

25 splitter (PBS) or the like. 

[0179] The half mirror 47a passes a polarization 
component of incoming light, which is in a 90° direction 
with respect to the reference direction (0° direction), and 
reflects a polarization component of the incoming light, 

30 which is in the reference direction (0° direction). 

[0180] Hence, a polarization component e 1 in the 
reference direction of the reference optical pulse e hav- 
ing a plane of polarization in nearly the 45° direction, 
and a polarization component d 1 in the 90° direction of 

35 the output pulse d enter the type 2 nonlinear optical 
materia] 54a. 

[01 81 ] On the other hand, a polarization component 
e2 in the 90° direction of the reference optical pulse e, 
and a polarization component d 2 in the reference direc- 
40 tion of the output pulse d enter another type 2 nonlinear 
optical material 54b. 

[0182] Since the nonlinear optical element 54a 
receives the reference optical pulse e 1 and output opti- 
cal pulse d-j whose planes of polarization are set in 90° 

45 different directions, phase matching is satisfied, and the 
type 2 nonlinear optical material 54a outputs SHG light 
(sum frequency light) h 1 having the sum angular fre- 
quency to the next photosensor 55a. 
[01 83] Likewise, since the nonlinear optical element 

so 54b receives the reference optical pulse eg and output 
optical pulse d 2 whose planes of polarization are set in 
90° different directions, phase matching is satisfied, and 
the type 2 nonlinear optical material 54b outputs SHG 
light (sum frequency light) h 2 having the sum angular 

55 frequency to the next photosensor 55b. 

[01 84] The photosensors 55a and 55b respectively 
convert the incoming SHG light (sum frequency light) 
components h 1 and h 2 into electrical signals k 1 and k 2 , 
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and send the converted signals to the adder circuit 56. 
[0185] The adder circuit 56 adds the electrical sig- 
nals k t and k 2 , and outputs the sum signal as the auto- 
correlation intensity signal g to the signal processor 53 
shown in FIG. 1. s 
[0186] In such optical sampling unit 46, since the 
plane of polarization of the reference optical pulse e out- 
put from the optical delay device 48 is set in nearly the 
45° direction from the reference direction, and the half 
mirror 47a of the polarization splitter 47 is set in nearly 
the 45° direction with respect to the optical axes of the 
reference optical pulse e and output optical pulse d, the 
transmitted light intensity and reflected light intensity in 
the polarization splitter 47 are nearly equal. 
[0187] That is, the light intensity of the polarization 
component e-j in the reference direction and that of the 
polarization component 62 in the 90° direction with 
respect to the reference direction of the reference opti- 
cal pulse e split by the polarization splitter 47 are nearly 
equal. 

[0188] On the other hand, since the polarization 
state of the output pulse d that has passed through the 
object 45 to be measured is disturbed by the state of the 
object 45 to be measured, the light intensity of the out- 
put optical pulse d 2 having a plane of polarization in the 
reference direction, and that of the output optical pulse 
d 1 having a plane of polarization in the 90° direction with 
respect to the reference direction, which are output from 
the polarization splitter 47, do not equal each other. 
[0189] As a result, the SHG light (sum frequency 
light) components h 1 and h 2 output from the nonlinear 
optical materials 54a and 54b do not equal each other. 
[0190] However, since the electrical signal obtained 
by adding the electrical signals k 1 and kg, which are 
obtained by photoelectrical^ converting the SHG light 
(sum frequency light) components h-j and h 2 by the pho- 
tosensors 55a and 55b, is a signal obtained by dividing 
originally one output optical pulse d, the electrical sig- 
nals k 1 and k 2 act complementarity, and a change in 
waveform of the output optical pulse d resulting from a 
variation of the polarization state of the output optical 
pulse d is canceled. 

[0191] That is, since the electrical signal obtained 
by adding the electrical signals k 1 and t<2 is stable, the 
signal processor 53 and controller 43 can accurately 
measure the autocorrelation waveform indicating the 
waveform of the output optical pulse d and the delay 
time (delay amount) of the reference optical pulse e cor- 
responding to the peak value of this autocorrelation 
waveform irrespective of the polarization state of the 
output optical pulse d. 

[0192] As has been described above using FIGS. 
3A to 3F, the signal processor 53 obtains the autocorre- 
lation waveform g 1 from the autocorrelation intensity 
signals g sequentially input from the sampling unit 46, 
and outputs it to the controller 43 comprising a compu- 
ter. 

[0193] The controller 43 calculates a delay time t D 



of the output optical pulse d from the reference optical 
pulse c serving as a reference signal on the basis of the 
delay time (delay amount) of the reference optical pulse 
e corresponding to the peak value of the autocorrelation 
waveform g 1a 

[01 94] Since the measurement of the delay time to 
corresponding to one waveform X is completed in this 
way, the controller 43 outputs a waveform control signal 
to the pulse light source 42 to change the wavelength X 
of the optical pulse a to be output. 
[0195] The aforementioned measurement of the 
delay time to repeats itself for the changed wavelength 
X. 

[0196] Finally, the dependence of the delay time to 
on the wavelength X, i.e., the wavelength dispersion 
characteristics of the object 45 to be measured such as 
an optical f foer, or the like are obtained. 
[0197] In the wavelength dispersion measurement 
apparatus of the first embodiment with the above 
arrangement, an optical pulse a output from the pulse 
light source a is divided into an input optical pulse b and 
reference optical pulse c. 

[01 98] The input optical pulse b passes through the 
object 45 to be measured such as an optical fiber or the 
like to obtain an output optical pulse d. 
[01 99] The reference optical pulse c is converted by 
the optical delay device 48 into reference optical pulses 
e whose delay amounts change sequentially. 
[0200] The sampling unit 46 calculates an autocor- 
relation function between the output optical pulse d and 
the reference optical pulses e which are delayed in units 
of AT, thus sequentially obtaining autocorrelation inten- 
sity signals g. 

[0201] The autocorrelation waveform g 1 that indi- 
cates the waveform of the output optical pulse d is 
obtained from the autocorrelation intensity signals g 
obtained sequentially. 

[0202] Then, the peak value of this autocorrelation 
waveform g 1 (the maximum position of the autocorrela- 
tion intensity signals g) is obtained. 
[0203] The detection precision of this peak value is 
determined by the setting precision of the spatial optical 
delay device 48. 

[0204] This setting precision is as high as around 
0.003 ps in time. 

[0205] The delay time to of the output optical pulse 
d that has passed through the object 45 to be measured 
is obtained on the basis of the amount the reference 
optical pulse e is delayed to obtain the peak (peak posi- 
tion) of the autocorrelation waveform g 1 obtained after 
the wavelength X has been changed from the peak posi- 
tion obtained before the wavelength X is changed upon 
changing the wavelength X of the optical pulse a to be 
output from the pulse light source 42 by the controller 
43, thus obtaining the wavelength dispersion of the 
object to be measured. 

[0206] That is, using the spatial optical delay device 
48, the group delay of the output optical pulse upon 
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changing the wavelength A, can be measured with a pre- 
cision of 0.003 ps. 

[0207] Hence, the wavelength dispersion measure- 
ment precision of the wavelength dispersion measure- 
ment apparatus as a whole can be improved up to 0.003 s 
ps. 

[0208] The pulse light source 42 outputs the optical 
pulse a having the predetermined repetition period T in 
place of continuous light. 

[0209] Therefore, the reference optical pulse d basi- 10 
caily becomes an optical pulse having the predeter- 
mined repetition period T. 

[0210] As shown in, e.g., FIGS. 5A and SB, when 
the output optical pulse d having a reference wave- 
length X 1 is delayed by t D1 from an appropriate refer- is 
ence time, the time difference of the reference optical 
pulse e from the reference time is Tb, and the time dif- 
ference between the reference optical pulse e and out- 
put optical pulse d having the reference wavelength 
is Tc, the reference optical pulse e can be matched with so 
the output optical pulse d by adjusting the delay amount 
of the optical delay device 48. 
[021 1 ] More specifically, the time difference Tc can 
be removed by increasing the delay amount or the time 
difference Tb can be removed by decreasing the delay 25 
amount. 

[0212] in other words, pulses at an identical timing 
before being divided by the optical power divider 44 
need not be matched. 

[0213] In this case, since Tb > Tc, the time differ- 30 
ence Tc is removed by increasing the delay amount, as 
shown in FIGS. 5C and 5D. 

[0214] A time difference Tb1 of the output optical 
pulse d from the reference time after removal is set to be 
a new reference time difference. 35 
[0215] Assume that the output optical pulse d is 
delayed by t D2 from the reference time upon changing 
the wavelength of the optical pulse a to X 2 , as shown in 
FIGS. 5E and 5F. 

[021 6] When the state shown in FIGS. 5G and 5H is 40 
attained by adjusting the delay amount of the reference 
optical pulse e by the optical delay device 48 to match 
this output optical pulse d, a time difference Tb2 of the 
reference optical pulse e from the reference time at that 
time is obtained. as 
[0217] More specifically, a relative delay amount 
with respect to the reference wavelength A. 1 at the wave- 
length^ is (Tb2-Tb1). 

[0218] In this manner, in the apparatus of this 
embodiment, since the optical pulse a having the repe- so 
tition period T is used, and is present every predeter- 
mined period T, the autocorrelation waveform g t can be 
obtained every repetition period T. 
[0219] That is, the maximum delay adjustment 
range required for the optical delay device 48 corre- ss 
sponds to one repetition period T. 
[0220] Hence, in the apparatus of this embodiment, 
the autocorrelation waveform of the output optical 



pulse d is obtained independently of the absolute delay 
amount of the output optical pulse d upon passing 
through the object 45 to be measured such as an optical 
fiber or the like, a relative delay time difference from the 
reference optical pulse e at each wavelength A, is 
obtained, and the wavelength dispersion of the object 
45 to be measured can be measured. 
[0221 ] Therefore, the apparatus of this embodiment 
can realize a delay time detection apparatus for an opti- 
cal element, which can measure the wavelength disper- 
sion of a long optical fiber having a length of 20 m or 50 
m, which cannot be measured with high precision by the 
conventional interference method, with precision as 
high as that in the interference method. 

(Second Embodiment) 

[0222] FIG. 6 is a schematic block diagram showing 
the arrangement of a sampling unit 46a assembled in a 
waveform dispersion measurement apparatus applied 
as the second embodiment of a delay time detection 
apparatus for an optical element according to the 
present invention. 

[0223] In FIG. 6, since the arrangement other than 
this sampling unit 46a is the same as that in the wave- 
length dispersion measurement apparatus of the first 
embodiment shown in FIG. 1, a detailed description 
thereof will be omitted. 

[0224] As shown in FIG. 6, an output optical pulse d 
output from the object 45 to be measured shown in FIG. 
1 is input to a polarization direction controller 57 to con- 
trol its direction of polarization in a 90° direction with 
respect to the reference direction. The output optical 
pulse d then enters a optical power coupler 58 which 
comprises a beam splitter having the same arrange- 
ment as that of the polarization splitter 47 in the first 
embodiment 

[0225] The output optical pulse d that has been 
transmitted through a half mirror 58a of the optical 
power coupler 58 enters a type 2 nonlinear optical 
material 54. 

[0226] On the other hand, a reference optical pulse 
e, which is output from the optica) delay device 48 and 
is set to have a direction of polarization agreeing with 
the reference direction, directly enters the optical power 
coupler 58. 

[0227] The reference optical pulse e reflected by 
the half mirror 58a of the optical power coupler 58 
enters the type 2 nonlinear optical material 54. 
[0228] As the type 2 nonlinear optical material 54 
receives the reference optical pulse e and output optical 
pulse d whose planes of polarization are set in 90° dif- 
ferent directions, phase matching is satisfied, and the 
type 2 nonlinear optical material 54 outputs SHG light h 
having the sum angular frequency to a photosensor 55 
via an optical f ilter 59. 

[0229] Note that the optica] filter 59 is inserted to 
remove unwanted wavelength components from the 
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SHG light h. 

[0230] The photosensor 55 converts the received 
SHG light h into an electrical signal, and outputs it as an 
autocorrelation intensity signal g to the next signal proc- 
essor 53 shown in FIG. 1. s 
[0231 ] In the sampling unit 46a having this arrange- 
ment as well, since an autocorrelation intensity signal g 
proportional to the intensity of the output optical pulse d 
obtained in synchronism with the reference optical 
pulse e can be obtained upon receiving the output opti- 10 
cal pulse d and reference optical pulse e, nearly the 
same operations and effects as those of the sampling 
unit 46 shown in FIG. 2 can be obtained. 
[0232] The wavelength dispersion measurement 
apparatus of the second embodiment which incorpo- is 
rates this sampling unit 46a can also realize a delay 
time detection apparatus for an optical element which 
can obtain substantially the same effects as those of the 
wavelength dispersion measurement apparatus of the 
first embodiment. 20 

(Third Embodiment) 

[0233] FIG. 7 is a schematic block diagram showing 
the arrangement of a sampling unit 46b assembled in a 25 
waveform dispersion measurement apparatus applied 
as the third embodiment of a delay time detection appa- 
ratus for an optical element according to the present 
invention. 

[0234] In FIG. 7, since the arrangement other than 30 
this sampling unit 46b is the same as that in the wave- 
length dispersion measurement apparatus of the first 
embodiment shown in FIG. 1, a detailed description 
thereof will be omitted. 

[0235] As shown in FIG. 7, an output optical pulse d 35 
output from the object 45 to be measured shown in FIG. 
1 enters a lens 62 via a first polarization direction con- 
troller 60a and light collimator 61a. 
[0236] On the other hand, a reference optical pulse 
e output from the optical delay device 48 enters the lens 40 
62 via a second polarization direction controller 60b and 
light collimator 61b. 

[0237] Note that the directions of polarization of 
light components output from the first and second polar- 
ization direction controllers 60a and 60b agree with 45 
each other. 

[0238] Hence, the planes of polarization of the out- 
put optical pulse d and reference optical pulse e 
become parallel to each other. 

[0239] The lens 62 focuses the incoming output so 
optica] pulse d and reference optical pulse e to a single 
focal point position. 

[0240] A type 1 (type 1 phase matching) nonlinear 
optical material 63 is placed at the focal point position of 
the lens 62. ss 
[0241] Therefore, SHG light h 3 having the sum 
angular frequency of the output optical pulse d and ref- 
erence optical pulse e emerges from the other surface 



of this type 1 nonlinear optical material 63. 
[0242] A slit member 64 is inserted in the optical 
axis of the SHG light h 3 to extend in the direction per- 
pendicular to the optical axis. 
[0243] As shown in FIG. 7, the slit member 64 
passes only the SHG light h 3> and intercepts the output 
optical pulse d and reference optical pulse e retracted 
by the lens 63. 

[0244] The SHG light h 3 that has passed through 
the slit member 64 enters a photosensor 65. 
[0245] The photosensor 65 converts the received 
SHG light h 3 into an electrical signal, and outputs it as 
an autocorrelation intensity signal g to the next signal 
processor 53 shown in FIG. 1 . 
[0246] In the sampling unit 46b having this arrange- 
ment as well, since an autocorrelation intensity signal g 
proportional to the intensity of the output optical pulse d 
obtained in synchronism with the reference optical 
pulse e can be obtained upon receiving the output opti- 
cal pulse d and reference optical pulse e, nearly the 
same operations and effects as those of the sampling 
unit 46 shown in FIG. 2 can be obtained. 
[0247] The wavelength dispersion measurement 
apparatus of the third embodiment which incorporates 
this sampling unit 46b can also realize a delay time 
detection apparatus for an optical element which can 
obtain substantially the same effects as those of the 
wavelength dispersion measurement apparatus of the 
first embodiment. 

(Fourth Embodiment) 

[0248] FIG. 8 is a schematic block diagram showing 
the arrangement of a wavelength dispersion measure- 
ment apparatus applied as the fourth embodiment of a 
delay time detection apparatus for an optical element 
according to the present invention. 
[0249] The same reference numerals in FIG. 8 
denote the same parts as those in the wavelength dis- 
persion measurement apparatus of the first embodi- 
ment shown in FIG. 1 , and a detailed description thereof 
will be omitted. 

[0250] As shown in FIG. 8, in the wavelength dis- 
persion measurement apparatus of the fourth embodi- 
ment, an optical pulse a output from the pulse light 
source 42 is divided by two optical power dividers 44a 
and 44b into three optical pulses, i.e., an input optical 
pulse b to be input to the object 45 to be measured, a 
reference optical pulse c to be input to the optical delay 
device 48, and a bypass reference optical pulse m that 
bypasses the object 45 to be measured. 
[0251] An output optical pulse d that has passed 
through the object 45 to be measured, and the bypass 
reference optical pulse m that has bypassed the object 
45 to be measured are combined into combined light p 
by an optical power coupler 66, and the combined light 
p is launched into one input terminal of the polarization 
splitter 47 of the sampling unit 46. 
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[0252] The other input terminal of this polarization 
splitter 47 receives a reference optical pulse e delayed 
by the optical delay device 48. 
[0253] In the wavelength dispersion measurement 
apparatus of the fourth embodiment with the above s 
arrangement, as shown in FIGS. 9A to 9E, the com- 
bined light p contains the output optical pulse d that has 
passed through the object 45 to be measured, and the 
bypass reference optical pulse m that has bypassed the 
object 45 to be measured. 10 
[0254] The sampling unit 46 sequentially calculates 
autocorrelation intensity signals g between this com- 
bined light p and reference optical pulses e whose rela- 
tive delay amounts are varied in turn by the optical delay 
device 48. 15 
[0255] As a result, an autocorrelation waveform g 1 
of the combined light p is obtained. 
[0256] After that, as in the wavelength dispersion 
measurement apparatus of the first embodiment shown 
in FIG. 1 , a delay time (delay amount) is calculated from 20 
the reference time position of the output optical pulse d. 
[0257] By the same method, the delay amount of 
the bypass reference optical pulse m contained in this 
combined light m from the reference time position is cal- 
culated based on the autocorrelation waveform g 1 of the 25 
combined light p. 

[0258] By subtracting the delay time of the bypass 
reference optical pulse m from that of the output optical 
pulse d, an accurate delay time t D produced when the 
optical pulse passes through the object 45 to be meas- 30 
ured can be measured. 

[0259] When the wavelength X of the optical pulse a 
output from the pulse light source 42 has been 
changed, the apparent delay amount changes if the 
phase shifts with respect to an original wavelength. 35 
[0260] As a result, the delay amount may change 
although the delay amount remains the same upon 
changing the wavelength. 

[0261] Hence, in the wavelength dispersion meas- 
urement apparatus of the fourth embodiment, since the 40 
times of the bypass reference optical pulse m and out- 
put optical putse d simultaneously contained in the com- 
bined light p are obtained on the single autocorrelation 
waveform g 1( the factor of phase shift upon changing 
the wavelength X can be consequently excluded. 45 
[0262] According to the wavelength dispersion 
measurement apparatus of the fourth embodiment, a 
delay time detection apparatus for an optical element 
that can further improve the wavelength dispersion 
measurement precision can be realized. so 

(Fifth Errtoodiment) 

[0263] FIG. 1 0 is a schematic block diagram show- 
ing the arrangement of a wavelength dispersion meas- ss 
urement apparatus applied as the fifth embodiment of a 
delay time detection apparatus for an optical element 
according to the present invention. 



[0264] The same reference numerals in FIG. 10 
denote the same parts as those in the wavelength dis- 
persion measurement apparatus of the first embodi- 
ment shown in FIG. 1 , and a detailed description thereof 
will be omitted. 

[0265] As shown in FIG. 10, in the wavelength dis- 
persion measurement apparatus of the fifth embodi- 
ment, a pulse light source 42a that outputs an optical 
pulse a is constructed by a white pulse light source 67 
and a spectroscope 68. 

[0266] More specifically, the white pulse light 
source 67 outputs a white optical pulse which has a pre- 
determined repetition period T on the basis of a refer- 
ence signal having a frequency f 0 input from the 
reference signal generator 41 , and a broad wavelength 
range. 

[0267] On the basis of a wavelength control signal 
from the controller 43, the spectroscope 68 extracts and 
outputs an optical pulse a having a single wavelength X. 
designated by the wavelength control signal from the 
white optical pulse output from the white pulse light 
source 67. 

[0268] The optical pulse a output from the pulse 
light source 42a is divided by the optical power divider 

44 into an input optical pulse b to be input to the object 

45 to be measured, and a reference optical pulse c to be 
input to the optical delay device 48. 

[0269] in the wavelength dispersion measurement 
apparatus of the fifth embodiment having the above 
arrangement as well, as the pulse light source 42a out- 
puts the optical pulse a which has the predetermined 
repetition period T and whose wavelength is variable, a 
delay time detection apparatus for an optical element 
which can obtain substantially the same effects as 
those of the wavelength dispersion measurement appa- 
ratus of the first embodiment can be realized. 

(Sixth Embodiment) 

[0270] FIG. 1 1 is a schematic block diagram show- 
ing the arrangement of a polarization dispersion meas- 
urement apparatus applied as the sixth embodiment of 
a delay time detection apparatus for an optical element 
according to the present invention. 
[0271] The same reference numerals in FIG. 11 
denote the same parts as those in the wavelength dis- 
persion measurement apparatus of the first embodi- 
ment shown in FIG. 1 , and a detailed description thereof 
will be omitted. 

[0272] As shown in FIG. 11, the reference signal 
generator 41 sends a reference signal to the pulse light 
source 42. 

[0273] The pulse light source 42 outputs an optical 
pulse a which is synchronous with the reference signal 
and has a repetition period T. 
[0274] The wavelength X of the optical pulse a out- 
put from the pulse light source 42 is controlled to be var- 
ied by a wavelength control signal output from a 



15 



29 



EP1 014033 A2 



30 



controller 43a 

I0275] The optical pulse a output from the pulse 
light source 42 is divided by an optical power divider 44 
into an input optical pulse b to be input to the object 45 
to be measured comprising an optical fiber, and a refer- 
ence optical pulse c to be input to the optical delay 
device 48. 

[0276] The input optical pulse b that has passed 
through the object 45 to be measured is input to an ana- 
lyzer 69 as an output optical pulse d. 
[0277] In this case, light which is input to the ana- 
lyzer 69 may be converted into linearly polarized light 
depending on the polarization state of the input optical 
pulse b and the polarization characteristics of the object 
45 to be measured. To avoid such conversion, a polari- 
zation controller (not shown) may be interposed in the 
optical path between the optical power divider 44 and 
the object 45 to be measured. 
[0278] The analyzer 69 passes only a light compo- 
nent in a direction a of polarization set by the controller 
43a of the output optical pulse d that has passed 
through the object 45 to be measured. 
[0279] An output optical pulse q that has passed 
through the analyzer 69 is launched into one terminal of 
the polarization splitter 47 in the next sampling unit 46. 
[0280] The other terminal of the polarization splitter 
47 in the next sampling unit 46 receives reference opti- 
cal pulses e which are output from the optical delay 
device 48 and having delay times that increase in incre- 
ments of AT. 

[0281] The sampling unit 46 sequentially outputs 
autocorrelation intensity signals g corresponding to the 
light intensities at the respective positions of the wave- 
form of the output optical pulse q as in the wavelength 
dispersion measurement apparatus of the first embodi- 
ment. 

[0282] The signal processor 53 generates an auto- 
correlation waveform g 1 corresponding to the signal 
waveform of the output optical pulse q using those auto- 
correlation intensity signals g. 
[0283] The controller 43a calculates a delay time t D 
of the output optical pulse d from the reference optical 
pulse c on the basis of the delay time (delay amount) of 
the reference optical pulse e corresponding to the peak 
value of the autocorrelation waveform g 1a 
[0284] In this way, the delay time t D of the output 
optical pulse q in one direction a of polarization is 
obtained. The controller 43a then sets the direction a of 
polarization of the analyzer 69 in another direction, and 
calculates a delay time to corresponding to the new 
direction a of polarization. 

[0285] As described above, in the polarization dis- 
persion measurement apparatus of the sixth embodi- 
ment, delay times t D upon changing the direction a of 
polarization from 0 to 2n are calculated, and the 
dependence characteristics of the delay times t D on the 
directions a of polarization are determined as the polar- 
ization dispersion characteristics of the object 45 to be 



measured comprising an optical f iber. 
[0286] In the polarization dispersion measurement 
apparatus of the sixth embodiment having the above 
arrangement as well, the optical pulse a having the pre- 
s determined repetition period T is used as measurement 
light, and the delay amount of each reference optical 
pulse e is set with high precision using the optical delay 
device 48. 

[0287] Therefore, in the polarization dispersion 
io measurement apparatus of the sixth embodiment, the 
delay time t D of the output pulse q from the reference 
optical pulse c can be measured with high precision as 
in the wavelength dispersion measurement apparatus 
of the first embodiment. 
15 [0288] Hence, in the polarization dispersion meas- 
urement apparatus of the sixth embodiment as well, 
even when the object 45 to be measured is a long opti- 
cal fiber having a length of 20 m, 50 m, or the like, a 
delay time detection apparatus for an optical element 
20 that can greatly improve the measurement precision of 
the polarization dispersion characteristics can be real- 
ized. 

[0289] To restate, in the wavelength and polariza- 
tion dispersion measurement apparatuses of the 

25 present invention, an optical pulse having a predeter- 
mined repetition period is used as input light to be input 
to the object to be measured and reference light in place 
of continuous light, and the delay amount of a reference 
optical pulse is set with high precision using a spatial 

30 optical delay means. 

[0290] According to the wavelength and polariza- 
tion dispersion measurement apparatuses of the 
present invention, an interference point can be easily 
detected, the wavelength dispersion of even an eion- 

35 gated object to be measured can be measured with high 
precision without using the absolute delay amount of 
output light which is output from the object to be meas- 
ured, and the wavelength and polarization dispersions 
can be measured with high precision over a broad 

40 length range from several meters to several ten m. 
[0291] In sum, the present invention can provide a 
delay time measurement apparatus for an optical ele- 
ment, including a wavelength dispersion measurement 
apparatus which can measure the wavelength disper- 

45 sion of even a long object to be measured with high pre- 
cision using pulse light as input light to be input to the 
object to be measured and reference light in place of 
continuous light without being influenced by the abso- 
lute delay amount produced by the physical length of an 

so optical element such as an optical fiber or the like as the 
object to be measured, and can measure wavelength 
dispersion with high precision over a broad length range 
from several meters to several ten meters, and a polari- 
zation dispersion measurement apparatus which can 

55 measure the polarization dispersion of a low-dispersion 
object to be measured with high precision using the 
same method as that of the wavelength dispersion 
measurement apparatus. 
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Claims 

1 . A delay time measurement apparatus for an optical 
element, characterized by comprising: 

5 

a pulse light source (42) which can vary a 
wavelength of light to be output, and outputs an 
optical pulse having a predetermined repetition 
period; 

wavelength setting means (41) for setting a 10 
wavelength of light to be output from said pulse 
light source (42); 

an optical power divider (44) for dividing the 
optical pulse output from said pulse light 
source (42) into a first optical pulse and a sec- is 
ond optical pulse to be input to an optical ele- 
ment (45) as an object to be measured; 
optical delay means (48) capable of changing a 
spatial optica! path length along which the first 
optical pulse divided by said optical power 20 
divider (44) travels; 

control means (52) for changing the spatial 
optical path length of said optical delay means 
(48); and 

detection means (46, 53) for receiving a meas- 25 
urement optical pulse output from the optical 
element (45) as the object to be measured, and 
a reference optica! pulse output from said opti- 
cal delay means (48), and detecting a delay 
time of light that has passed through the optical 30 
element (45) as the object to be measured from 
a change in spatial optical path length required 
for superposing the measurement and refer- 
ence optical pulses on each other. 

35 

2. An apparatus according to claim 1 , 
characterized in that said detection means com- 
prises: 

sampling means (46) for receiving an output 40 
optical pulse that has passed through the 
object to be measured, and a reference optical 
pulse delayed by said optical delay means, and 
obtaining an autocorrelation intensity signal 
proportional to a light intensity of the output as 
optical pulse at a given position every time said 
optica! delay means changes a relative delay 
amount of the reference optical pulse; and 
signal processing means (53) for obtaining an 
autocorrelation waveform of the output optical so 
puise from the autocorrelation intensity signals 
sequentially obtained by said sampling means, 
and 

said detection means obtains a wavelength dis- 
persion of the object to be measured on the ss 
basis of the relative delay amount of the refer- 
ence optical pulse delayed by said optical delay 
means, which is required for obtaining a peak 



of the obtained autocorrelation waveform of the 
output optical puise. 

3. An apparatus according to claim 2, 
characterized in that said sampling means (46) 
comprises: 

a polarization splitter (47) for splitting each of 
the output and reference optical pulses into two 
light components having 90° different planes of 
polarization, combining two pairs of output and 
reference optical pulses which have been split 
and have 90° different planes of polarization, 
and outputting the combined pulses onto differ- 
ent optical paths; 

a pair of nonlinear optical materials (54a, 54b) 
which generate autocorrelation signals of the 
output and reference optica) pulses which have 
90° different planes of polarization as SHQ 
(Second Harmonic Generator) light compo- 
nents, and can attain type 2 phase matching; 
a pair of photosensors (55a, 55b) for convert- 
ing the SHG light components output from said 
nonlinear optical materials into electrical sig- 
nals; and 

an adder circuit (56) for adding the electrical 
signals output from the photosensors, and out- 
putting the sum electrical signal as an autocor- 
relation intensity signal. 

4. An apparatus according to claim 2, 
characterized in that said sampling means (46a) 
comprises: 

a optical power coupler (58) for combining the 
output and reference optical pulses to have 90° 
different planes of polarization; 
a nonlinear optical material (54) which gener- 
ates an autocorrelation signal between the out- 
put and reference optical pulses, which are 
output from said optical power coupler and 
have 90° different planes of polarization, as 
SHG light, and can attain type 2 phase match- 
ing; and 

a photosensor (55) for converting the SHG light 
into an electrical signal, and outputting the 
electrical signal as an autocorrelation intensity 
signal. 

5. An apparatus according to claim 2, 
characterized in that said sampling means (46b) 
comprises: 

a pair of polarization controllers (60a, 60b) 
which are inserted in optical axes of the output 
and reference optical pulses, and make planes 
of polarization of the output and reference opti- 
cal pulses parallel to each other; 



17 



33 



EP1 014033 A2 



34 



a lens (62) which is inserted in the optical axes 
of the output and reference optical pulses that 
have passed through said pair of polarization 
controllers, and focuses the output and refer- 
ence optical pulses to an identical point; 5 
a nonlinear optical material (63) which is 
located on a focal point of said lens, generates 
an autocorrelation signal of the output and ref- 
erence optical pulses as SHG light and can 
attain type 1 phase matching; 10 
a slit member (64) for separating the SHG light 
generated by said nonlinear optical element 
from the output and reference optical pulses; 
and 

a photosensor (65) for converting the SHG light is 
separated by said slit into an electrical signal, 
and outputting the electrical signal as an auto- 
correlation intensity signal. 

An apparatus according to claim 1 , 20 
characterized in that said optical power divider (44) 
comprises optical wavelength dividing means (44a, 
44b) for dividing the optical pulse output from said 
pulse light source (42) into a reference optica! 
pulse, a bypass reference optical pulse, and an 25 
input optical pulse to be input to the object to be 
measured, 

said apparatus further comprises an optical 
power coupler (66) for combining an output 30 
optical pulse that has passed through the 
object to be measured and the bypass refer- 
ence optical pulse, and outputting the pulses 
as combined light, 

said detection means (46, 53) comprises: 35 

sampling means (46) for receiving the 
combined light output from said optical 
power coupler, and a reference optical 
pulse delayed by said optical delay means 40 
(48), and obtaining an autocorrelation 
intensity signal proportional to a light inten- 
sity of the combined light at a given posi- 
tion every time said optical delay means 
changes a relative delay amount of the ref- 45 
erence optical pulse; and 
signal processing means (53) for obtaining 
an autocorrelation waveform of the com- 
bined light from the autocorrelation inten- 
sity signals sequentially obtained by said so 
sampling means, and 
said detection means obtains a wave- 
length dispersion of the object to be meas- 
ured on the basis of a spacing between 
peaks of the bypass reference optical ss 
pulse and the output optical pulse con- 
tained in the obtained autocorrelation 
waveform of the combined light. 



'. An apparatus according to claim 1 , 

characterized in that said pulse light source (42a) 

comprises: 

a white pulse light source (67) for outputting a 
white optical pulse which has a predetermined 
repetition period and a broad wavelength 
range; and 

a spectroscope (68) for extracting and output- 
ting an optical pulse having a designated single 
wavelength from the white optical pulse output 
from said white pulse light source. 

L An apparatus according to claim 1 , 

characterized in that said pulse light source outputs 
an optical pulse having a predetermined repetition 
period and a single wavelength, 

said apparatus further comprises an analyzer 
(69) for passing a component in a specific 
direction of polarization in the output optical 
pulse that has passed through the object to be 
measured, 

said detection means comprises: 

sampling means (46) for receiving the out- 
put optical pulse that has passed through 
said analyzer, and the reference optical 
pulse delayed by said optical delay means, 
and obtaining an autocorrelation intensity 
signal proportional to a light intensity of the 
output optical pulse at a given position 
every time said optical delay means 
changes a relative delay amount of the ref- 
erence optical pulse; and 
signal processing means (53) for obtaining 
an autocorrelation waveform of the output 
optical pulse from the autocorrelation 
intensity signals sequentially obtained by 
said sampling means, and 
said detection means obtains a polariza- 
tion dispersion of the object to be meas- 
ured on the basis of the relative delay 
amount of the reference optical pulse 
delayed by said optical delay means, which 
is required for obtaining a peak of the 
obtained autocorrelation waveform of the 
output optical pulse. 
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